Abstract A flow sheet has been developed for recovery of metals from nickel metal hydride batteries using the neutral extractant Cyanex 923 dissolved in the ionic liquid tricaprylylmethylammonium nitrate, [A336][NO 3 ], and a synthetic chloride-based aqueous leach solution. The process allows purification of nickel in a single step by extracting chloride and nitrate complexes of the extractable transition metals and rare earths. Three selective strip operations utilizing first nitrate, stripping cobalt and manganese, and then chloride complexation, stripping the rare earths, followed by stripping of iron and zinc. Cobalt in the nitrate strip solution was separated from manganese by extraction with the ionic liquid tricaprylylmethylammonium thiocyanate, [A336] [SCN].
Introduction
End-of-life nickel metal hydride batteries are a valuable source of metals, including nickel, cobalt and rare earths. Nickel metal hydride batteries are an important high-volume application of rare earths [1] . The valuable metals in nickel metal hydride batteries are contained in the electrode materials, which can be treated separately or together depending on if the battery construction allows for a physical separation [2] . The active cathode material is a mixture of hydroxides of mainly nickel and cobalt, with smaller amounts of zinc and yttrium. The active anode material is an alloy of primarily nickel, aluminium, cobalt and manganese with mischmetal (La, Ce, Pr, Nd) and yttrium. Zhang et al. developed a recycling process for nickel metal hydride batteries, in which the battery materials were dissolved in 3 M hydrochloric acid [3] . This was followed by extraction of rare earths with bis(2-ethylhexyl)phosphoric acid (D2EHPA) in kerosene, and separation of cobalt from nickel by extraction with trioctylamine in kerosene. Tzanetakis and Scott also used hydrochloric acid to dissolve batteries, and D2EHPA in kerosene was used to recover rare earths followed by electrochemical recovery of a nickel-cobalt alloy [4, 5] . Fernandes et al. developed a process involving concentrated chloride solutions for nickel metal hydride battery recycling, using the extractants tri-n-butyl phosphate (TBP), tri-n-octylamine (Alamine 336) and 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (PC-88A) to separate the metals, followed by precipitation of the metals as oxalates [6] . Previously, the first author developed and tested a process for nickel metal hydride recycling, based on dissolving the different electrode fractions in 8 M HCl, and using the commercial extractant Cyanex 923 (consisting of a mixture of phosphine oxides) for extraction and separation of the valuable metals [7, 8] .
Ionic liquids (ILs) can be an environment-friendlier alternative for molecular organic solvents in solvent extraction processes, either as extractants or diluents in the organic phase, due to their low vapor pressure and low flammability. Moreover, the extraction mechanism can differ in ionic liquids from that in molecular solvents, so that more efficient separation processes can be developed [9] [10] [11] [12] [13] [14] [15] . Ionic liquids can be immiscible with water or organic solvent (depending on the composition of the ionic liquid) and they are able to dissolve a wide range of organic and inorganic compounds [16] . Ionic liquids consist entirely of ions and are often composed of bulky organic cations and organic or inorganic anions. To be useful for solvent extraction, the ionic liquids also need to be in the liquid state at or near room temperature [17, 18] .
Recently, we reported on a two-step ionic liquids process to recover metals from a solution based on the dissolution of electrode materials in 8 M HCl [19] . In a first step, cobalt, manganese, iron and zinc were extracted with the ionic liquid tricaprylylmethylammonium chloride (Aliquat 336, [A336] [Cl] ). In the second step, the rare earths were extracted from the concentrated chloride solution by tricaprylylmethylammonium nitrate, [A336] [NO 3 ]. In this paper, we extend our previous work with ionic liquids by further investigating the use of tricaprylylmethylammonium nitrate with (and without) the neutral extractant Cyanex 923 to extract metals directly from the starting aqueous phase. The ability of this nitrate-based ionic liquid to extract from chloride solutions is based on the fact that chloride ions have a higher affinity for the aqueous phase, while the nitrate ions have a higher affinity for the ionic liquid phase. This allows extraction of metals that form extractable nitrate complexes, such as rare-earth metals, from solutions that do not contain a significant amount of nitrate. This represents an example of so-called split-anion extraction [20] . The process is called split-anion extraction because the aqueous and organic phases comprise different anions. Nitrate and thiocyanate anions have a strong affinity for the organic phase, while chloride anions have a strong affinity for the aqueous phase [21] . This allows for the use of a complexing anion that forms an extractable complex without requiring a significant concentration of the complexing anion in the aqueous phase. This means that the aqueous phase can contain cheaper and more environmentally friendly anions such as chlorides or sulphates even for extraction systems where, for example, nitrates are required for extraction. 
Analysis
A Bruker S2 Picofox total reflection X-ray fluorescence (TXRF) spectrometer was used to determine the metal content in solutions. The uncertainties given are one standard deviation based on differences in triplicate measurements, i.e. the standard deviation for the measurement replication. Viscosity measurements were performed using an automatic Brookfield plate cone viscometer, Model LVDV-II?P CP (Brookfield Engineering Laboratories, USA). The initial aqueous solution prepared for extraction studies was based on the composition of mixed electrodes from a hybrid electric vehicle (HEV) NiMH battery dissolved in 8 M hydrochloric acid, as described previously by Larsson et al. [2] . Concentrations for the aqueous solutions are shown in Table 1 (TXRF measurement results) . Magnesium and aluminium concentrations could not be reliably determined by TXRF at the concentrations in the prepared solutions and are therefore present in the solutions in order to mimic real solutions but no extraction data could be reported. Potassium extraction was close to or below detection limits in the ionic liquid phase for all experiments.
Solvent Extraction Procedure
Batch solvent extraction experiments were performed using approximately 1 mL of each phase, unless other phase ratios were tested, in which case the ionic liquid volume was increased. Samples were shaken at constant temperature using a TMS-200 turbo thermo shaker (Hangzhou Allsheng Instruments Co., Ltd) for 30 min, or longer where stated. Larger extraction experiments used 30 mL to make the treated phases for further experiments.
The distribution ratio (D) of a single metal is defined (Eq. 1) as the ratio of the total concentration in the ionic liquid phase ð½M IL Þ to the total concentration in the aqueous phase ð½M aq Þ after extraction and phase separation. The phase ratios are defined as the volume ionic liquid divided by the volume aqueous phase. The percentage extracted (%E) is defined in Eq. 2, where V aq and V IL are the volumes of the aqueous and ionic liquid phases, respectively. The phase ratio ðHÞ is defined in Eq. 3.
Results

Metal Extraction
The direct application of [A336][NO 3 ] on the synthetic aqueous solution mimicking a dissolved battery gave distribution ratios at equilibrium that were acceptable for Co, Zn, La and Ce, but somewhat too low for Fe, Mn, Y, Pr and Nd ( Table 2 ). The distribution ratios could be raised by increasing the chloride content in the aqueous solution through additional magnesium chloride or by refluxing part of the aqueous flow after extraction and thereby increasing the nickel chloride content. This way of changing the chloride concentration is somewhat less desirable than adding an extractant in order to raise the distribution ratios. However, it is a viable way if extractants need to be avoided. The fact that the distribution ratios are not too high also indicates that the stripping will be relatively easy. 3 ] was chosen since it sufficiently increased the distribution ratios. The amount of Cyanex 923 can however be optimized for each specific case and will depend on the composition of the aqueous feed. The rare-earth metals and zinc were all below detection limits in the aqueous phase after equilibration. The distribution ratios at equilibrium for the remaining metals are shown in Table 3 . The extraction of nickel was low compared to the metals with high distribution ratios, so the separation factors were high.
In order to show that the systems can reach equilibrium relatively fast, a time-dependent experiment with the same experimental conditions as before, a phase ratio of 2:1 and 50 C, with mixing at 3000 rpm was performed (Fig. 1 , for clarity only lanthanum, yttrium and cobalt are shown). The lanthanum is fairly representative of the rare-earth extraction behaviour, except for that of yttrium. The conclusion from the experiment was that equilibrium can be reached within 12 min of mixing; however, the relatively high viscosity of the ionic liquid phase requires vigorous shaking. The yttrium extraction at equilibrium reached only 50 % in the pure [A336][NO 3 ] ionic liquid, which could be expected since the yttrium extraction is lower than the light rare earths in pure nitrate systems; however, the extraction speed is relatively fast.
To increase the purity of the extract with regard to especially nickel, it was scrubbed three times using 4 M magnesium chloride at a phase ratio of 10:1 (Table 4) . This removed more than 98 % of the extracted nickel. Additional steps or a lower phase ratio can remove more. The rare earths and zinc remained fully extracted during scrubbing. Magnesium chloride was chosen as a source of chloride to maintain extraction since the battery material already contained magnesium and it would be possible to re-enter it into the process without adding a new impurity. The high magnesium chloride concentration was used to maintain close to full extraction; however, a lower concentration could have been used since the stream can be reentered into either the dissolution step or initial extraction step without loss of material.
When stripping the scrubbed extract with 3 M sodium nitrate, the rare earths, iron and zinc remained extracted, while cobalt and manganese were effectively stripped from the ionic liquid phase (Table 5) . After each step, the chloride level decreased and the zinc distribution ratio decreased. Zinc could thereby be selectively stripped after the manganese and cobalt with additional nitrate strip steps; this route was, however, not used. The zinc distribution ratios can be raised by adding a small amount of chloride to the aqueous phase to limit stripping of iron and zinc.
The strip phase from the first step was used in an experiment to separate cobalt from manganese using (Fig. 2) . Considering the distribution ratios, 40 % was deemed a sufficient thiocyanate percentage in the ionic liquid phase to extract cobalt from manganese. This gave a distribution ratio of approximately 40 (significant extraction) and a separation factor of 920. Higher thiocyanate concentrations give higher distribution ratios and separation factors, however, that can make the strip more difficult, and a low thiocyanate concentration can be preferential due to stability issues. The co-extracted manganese could easily be scrubbed with water and cobalt subsequently stripped using ammonia. Table 4 Distribution ratios for scrubbing the extracted phase using 4 M MgCl 2 solution
Metal
Step 1 (D)
Step 2 (D)
Step 3 The rare earths and zinc were below detection limits in the aqueous phase. A phase ratio of 10:1 ðV IL : V aq Þ was used three times at 2 h of mixing (2200 rpm) at 50 C Table 5 Distribution ratios for stripping the scrubbed phase using 3 M NaNO 3 solution
Step 1 (D) 1:2
Step 2 (D) 1:2
Step 3 (D) 1:6 A phase ratio of 1:2 followed by 1:2 and 1:6 was used with 2 h of mixing at 50 C Using an acidic chloride strip (1 M HCl) for the second strip on the ionic liquid phase, iron and zinc remained extracted, while rare earths were effectively stripped from the ionic liquid phase (Table 6 ). Since the distribution ratios of this acidic strip are quite low, a higher Cyanex 923 level could be used without necessarily having a negative influence on the stripping, if distribution ratios need to be raised in the initial stages.
Using a nitric acid strip (1 M HNO 3 ), iron and zinc were stripped from the ionic liquid phase while exchanging chloride anions in the ionic liquid for nitrate anions (Table 7 ). Water was also a possible strip solution; however, the nitrate solution regenerates the ionic liquid to its nitrate form. In case the stripping is considered insufficient using nitric acid, ammonia was very effective in removing zinc and iron from the ionic liquid phase.
An ionic liquid phase with a relatively low viscosity is required for solvent extraction. The viscosity of the ionic liquid phase can be lowered by an increase in temperature. Fig. 3 shows the viscosity for the ionic liquid phase in two cases, the high loading after the scrub and the lightly loaded phase after the second strip. A temperature of 50 C was used for most of the experiments since this temperature gave sufficiently low viscosity for testing purposes.
Discussion
The process scheme shown in Fig. 4 3 ] with Cyanex 923 to extract rare earths, cobalt, iron, manganese and zinc from a concentrated chloride solution. The loaded ionic liquid phase is scrubbed using a concentrated magnesium chloride solution at a very high phase ratio ðV IL : V aq Þ. The high chloride concentration gives high distribution ratios for the extracted metals, while scrubbing nickel. The aqueous phase from the scrub can be re-entered into the extraction step since the magnesium and nickel will end up in raffinate 1, while any other scrubbed metal will be recovered in the extraction step. The scrubbed phase is stripped from cobalt and manganese using 3 M sodium nitrate, where the nitrate keeps the rare earths extracted. The singly stripped phase is stripped of rare earths in strip 2 using an acidic solution (1 M HCl). The chloride content keeps the zinc and iron extracted. The doubly stripped phase is stripped of iron and zinc with nitric acid, which also regenerates the solvent so Table 6 Distribution ratios for stripping the ionic liquid phase after the first strip using 1 M HCl solution
Metal
Step 3 A phase ratio of 1:2 was used three times with 2 h of mixing (2200 rpm) at 50 C it can be re-entered into the initial extraction, the strip can also be performed using ammonia. Alternatively, zinc and iron can be extracted from the initial chloride solution using diluted Cyanex 923 or TBP [8] . The strip and scrub step experiments requiring multiple steps were performed consecutively in three steps. In an industrial setting, however, the process steps will likely be performed in a continuous set-up. The entire process was tested without Cyanex 923 as well (pure [A336][NO 3 ]) and was functional but the lower distribution ratios gave lower separation factors and less pure streams. The distribution ratios could be raised using additional matrix, adding, for example, additional magnesium chloride in the extraction step to raise the chloride concentration. However, the phase with 15 % (v/v) Cyanex 923 was deemed more efficient, this could change in a cost-based optimization. The cobalt and manganese in the stream from aqueous strip 1 can be separated according to the scheme in Fig. 5 3 ] acts as an ionic liquid diluent. Any extracted manganese is easily stripped using water, and cobalt is subsequently stripped using ammonia. 
Conclusions
